Chronic inflammation induced by Helicobacter pylori (H. pylori) infection plays a major role in development of gastric cancer. However, recent findings suggested that progression of inflammation and neoplastic transformation in H. pylori infection are more complex than previously believed and could involve different factors that modulate gastric microenvironment and influence host-pathogen interaction. Among these factors, gastric myenteric plexus and its potential adaptive changes in H. pylori infection received little attention. This study is aimed at identifying the impact of H. pylori-associated gastritis on number and morphology of nerve cells in the stomach. The distribution of density, inflammation, and programmed cell death in neurons was immunohistochemically assessed in full-thickness archival tissue samples obtained from 40 patients with H. pylori infection who underwent surgery for gastric cancer and were compared with findings on samples collected from 40 age-and sex-matched subjects without bacteria. Overall, significant differences were noted between H. pylori-positive and H. pylorinegative patients. The analysis of tissue specimens obtained from those with infection revealed higher density and larger surface of the myenteric nervous plexus, as well as a significant increase in the number of gastric neuronal cell bodies and glial cells compared to controls. A predominant CD3-immunoreactive T cell infiltrate confined to the myenteric plexus was observed in infected subjects. The presence of mature B lymphocytes, plasma cells, and eosinophils was also noted, but to a lesser extent, within the ganglia. Myenteric ganglionitis was associated with degeneration and neuronal loss. Our results represent the first histopathological evidence supporting the hypothesis that H. pylori-induced gastric inflammation may induce morphological changes in myenteric gastric ganglia. These findings could help gain understanding of some still unclear aspects of pathogenesis of H. pylori infection, with the possibility of having broader implications for gastric cancer progression.
Introduction
H. pylori is one of the most widespread human pathogens and is the strongest known risk factor for malignancies arising within the stomach, mainly due to the persistent inflammatory response induced in the mucosa [1] . However, only a small proportion of colonized individuals develop gastritis and only a small subset of patients with chronic gastritis develop gastric cancer [2] . Furthermore, many of those with gastric inflammation are asymptomatic, while in some patients with overt gastritis, the symptoms persist or recur after eradication treatment [3] . This variability in clinical evolution could be explained by a number of host factors and bacterial virulence factors, but some authors suggested that the pathogenic mechanisms of H. pylori infection might be much more complex than generally believed and could involve some less studied individual factors, such as alterations of the gastric enteric nervous system (ENS) [4] .
The ENS is by far the largest and most complex part of the autonomic nervous system (ANS), consisting of glial cells and various types of neurons organized in two networks of myenteric ganglia within the gut wall. It was described as the "brain in the gut," since it has the unique ability to control gastrointestinal functions independent of the central nervous system [5] . In the stomach, the ENS is represented mainly by the Auerbach plexus (or the myenteric plexus), which is situated between the circular and the longitudinal layers of the muscularis propria and provides motor innervation to both muscle layers and secretomotor innervation to the gastric mucosa [6] . Only sparse submucosal ganglia, present mainly in the antrum, form the gastric Meissner plexus [7] .
Some studies reported that gastric mucosal colonization by H. pylori and subsequent mucosal inflammation may affect central and extragastric peripheral nervous system activity, contributing to intestinal dysfunctions, cardiac arrhythmia, alterations of pancreatic function, and even to some neurological disorders, such as Parkinson's disease and Guillain-Barré syndrome [8] [9] [10] [11] . On the other hand, other studies demonstrated that H. pylori infection plays a protective role against some esophageal diseases, inflammatory bowel diseases, Alzheimer's disease, and multiple sclerosis, resulting from changes induced in brain-gut axis [4, [11] [12] [13] [14] [15] . Based upon these observations, it is likely that H. pylori infection may also interact with gastric ENS through different mechanisms: direct neurotoxic effect and microelement deficiency, secondary to functional and morphological changes in the gastric mucosa, activation of neurogenic inflammation, and structural alterations of myenteric ganglia [4] . The last one is best suited for histomorphological and immunohistochemical approach.
Aside from H. pylori-associated changes in the neurochemical (neurotransmitter/neuropeptide) content of gastric nerve fibers, too few studies have been done to determine whether the H. pylori-induced gastric inflammation could cause neuroplastic alterations in the myenteric ganglia. Therefore, in this study, we aimed to directly assess the effects of H. pylori infection on gastric nervous system morphology, in order to shed light on the potential abnormalities that may result from it. Our hypothesis is that H. pylori infection influences the number of myenteric neurons and glial cells and disturbs neuronal homeostasis.
Materials and Methods

Patients and Tissue
Samples. This study as designed as an observational retrospective cohort study following the methods previously published by our group [16] . Fullthickness samples of gastric wall were obtained from 40 consecutive patients (31 males, 9 females), mean age 63.43 (SEM = 1:86) undergoing surgery for gastric cancer. H. pylori infection was histologically proven in all the enrolled subjects. Archival gastric samples from 40 age-and sex-matched subjects (mean age 63.6, SEM = 1:75) without recent history of H. pylori infection, who had been operated for complicated peptic ulcer disease or non-adenocarcinomatous gastric tumors, served as controls and have been selected from same anatomical gastric region as ones of the H. pylori-positive group. All samples were harvested from areas at least 5 cm away from any visible lesion. Patients with peritonitis or suffering from different conditions associated with changes in myenteric plexus, as well as patients treated with chemo/radiotherapy, were excluded from the study. Moreover, subjects with morphologic evidence of recently treated H. pylori infection (prominent intestinal metaplasia, marked glandular atrophy, or nodular lymphoid aggregates in lamina propria) were not included in the control group.
Sample Processing and Histological Assessment.
Routinely fixed and processed samples were cut in 5 μm thick serial sections with circular layer and myenteric ganglia cut longitudinally. Three gastric cross sections per specimen, cut at a reasonable distance of 200 μm, were mounted on glass slides and then examined. We took this measure to avoid evaluating the same ganglionic area twice in adjacent sections. Before use, slides were deparaffinized, rehydrated, and processed for routine hematoxylin and eosin (H&E) and Giemsa staining and immunohistochemistry. Histopathological findings were assessed on H&E-stained sections, and Giemsa stain technique was used to demonstrate H. pylori. The grades of H. pylori density, chronic mucosal inflammation, neutrophilic activity, intestinal metaplasia, and glandular atrophy were determined for each specimen and scored as normal, mild, moderate, and marked according to the updated Sydney system [17] . Neuron damage was confirmed when cells with condensed/vacuolated cytoplasm and/or shrunken, pyknotic nuclei were identified and was described as present/absent.
Immunohistochemical Analysis.
Myenteric neurons and glial cells were evaluated by anti-HuC/D and anti-S100 antibodies, respectively. Ganglionic areas were measured by using anti-S100 antibody. Presence and quantification of lymphocytic infiltrate were assessed by using CD3 (T lymphocytes) and CD20 (B lymphocytes) antibodies. Apoptotic activity of myenteric neurons was examined with immunostaining using monoclonal human bcl-2 antibody. Antigen retrieval was performed in citrate buffer (pH 6.0) for HuC/D, whereas Tris-EDTA buffer was used for the rest of antibodies. All slides were microwaved at 500 W for 10 minutes. They were exposed to 3% hydrogen peroxide solution in order to block endogenous peroxidase activity. Sections were incubated with the respective antibodies at 4°C overnight (HuC/D) and for 30-60 minutes at room temperature (other antibodies). The bound antibody was visualized using biotinylated anti-rabbit or anti-mouse secondary antibody, and then streptavidin-peroxidase complex. Diaminobenzidine tetrahydrochloride was used as chromogen substrate. Slides were subsequently counterstained with Mayer's hematoxylin. For each antibody, all slides were simultaneously immunostained in order to rule out differences caused by the staining procedure.
Quantitative Assessment of Mucosal Inflammation.
CD3 and CD20 lymphocytic mucosal inflammation was semiquantitatively graded on a 3-tier scale, according to the percentage of the area in the lamina propria infiltrated by inflammatory cells, as follows: grade 1 (5-30%), grade 2 (30-60%), and grade 3 (>60%). Lymphoid follicles were excluded from analysis, since their random distribution in the mucosa might otherwise generate less consistent results.
Quantitative Assessment of Myenteric Inflammation and
Ganglion Cells. Evaluation of myenteric plexus inflammation was performed as described previously, according to the criteria proposed by Villanacci et al. [16, 18] . Briefly, we counted only T CD3+ cells the most severely inflamed ganglionic area and grade their density as mild (score 1-four or less lymphocytes observed), moderate (score 2-five to nine cells present), and marked (score 3-ten or more periganglionic lymphocytes identified).
In order to evaluate the immunoreactive ganglionic cells, we used a slightly modified version of a previously described method [19] . For each section, 40 sequential microscopic fields taken along the myenteric plexus were examined at 40x magnification, starting with the first ganglion present on the left side of the section. Examination of the sections and image acquisition were performed using an Olympus BX43 microscope equipped with an Olympus XC30 digital camera (Olympus Corporation, Japan) and ganglionic areas were estimated by an Image Analysis Software (cellSens Dimension, Olympus Corporation, Japan). Each microscopic field corresponded to a 0:36 mm × 0:27 mm rectangle, with an covered area of 0.0972 mm 2 . Thereby, the total ganglionic length and tissue area evaluated for each section were 14.4 mm and 3.888 mm 2 , respectively.
Statistical Analysis.
For each patient, the results were expressed as mean ± SE. For groups, most data did not follow a parametric distribution, so they are presented using medians and interquartile ranges. The figures are designed as box-whiskers plots. The Wilcoxon test for nonparametric data (two-tailed) was performed to compare groups. The strength of association between variables was evaluated using the γ 2 and Spearman rank correlation tests. A p value < 0.05 was considered statistically significant.
Results
On histological examination, there were 20 intestinal, 10 poor cohesive, 7 mixed, and 3 mucinous carcinoma subtypes, according to the 2019 WHO classification of gastric tumors [20] . Most tumors were located in the antrum, along the lesser curvature (27 cases), followed by body (11 cases) and cardia (2 cases). 23 cases were diagnosed as moderately differentiated carcinomas, with the remaining being poorly differentiated.
3.1. Gastric Mucosa. Most cases (22) showed a moderate degree of H. pylori colonization, while 13 cases had a mild bacterial density. In 5 cases, the presence of H. pylori was significant and scored as marked. All patients had chronic gastritis, and neutrophilic activity was observed in 31 (77.5%) of them. Immunohistochemical analysis revealed that the gastric mucosal inflammatory response consisted mainly of CD3+ T cells. Intestinal metaplasia and atrophy were observed in 25 and 21 patients, respectively.
3.2. Gastric Myenteric Plexus. Ganglionic areas were significantly larger (median 0.447 mm 2 ) , and the number of myenteric ganglia was higher (median 29) in H. pylori-positive patients, compared to controls (medians 0.231 mm 2 and 20.5, respectively, Figure 1 ).
An important difference was also found concerning the number of myenteric neurons between patients with H. pylori-induced gastritis (median 116.5) and those without infection (median 56.5) (Figure 2(a) ), with a significant increment of +171% (individual values varying between 35% and 380%). In addition, more glial cells were identified in myenteric ganglia of infected patients (median 588) compared to controls (median 314) (Figure 2(b) ), with a mean increment of +87% (individual values varying between 19% and 172%). Interestingly, in the control group, the number of ganglionic areas (median 20.5) and neuronal density (2-3 neurons per ganglionic area) did not correlate significantly with patients' age or with gastric region. The ratio between glial cells and neurons in myenteric plexus was fairly constant in H. pylori-negative patients, (range 5.1-6.8), whereas infected subjects did not display a correlation between glial and neuronal compartments, and the ratio was slightly decreased (range 2.6-6.3, p = 0:0151).
Ganglionitis was found in 33 (82.5%) cases with H. pylori infection. The inflammatory infiltrate was composed predominantly of CD3-positive T cells, with a minor prevalence of B lymphocytes, plasma cells, and rare eosinophils ( Figure 3 ). T lymphocytic infiltration of myenteric plexus was mild in 17 patients, moderate in 10, and severe in 3 of them, and correlated with T cell density in lamina propria (p < 0:001). Occasional inflammatory cells, most of them eosinophils, were present in the vicinity of ganglionic areas in 20 (50%) uninfected patients. Neither CD20-positive B lymphocytes nor plasma cells were observed in the control group.
Degeneration of neuronal cells was obviously more frequently observed in H. pylori-infected patients (p < 0:0001, Figure 4 ) but was modestly correlated with T cell ganglionitis (p = 0:0306). However, a stronger association (p = 0:0024) was found between neurodegenerative changes and the polymorphous inflammatory infiltrate, including T and B lymphocytes and plasma cells.
Myenteric neurons with markedly reduced or lost bcl-2 expression were observed in 23 (57.5%) infected patients, compared to only 3 (5.7%) cases in the control group (p < 0:0001, Figure 5 ). Neuronal apoptosis correlated with the presence of myenteric CD3-positive T cell infiltrate (p = 0:0056), but did not correlate with signs of neurodegeneration (p = 0:627).
Discussion
In the present study, we showed for the first time that the inflammatory process elicited by H. pylori colonization of gastric mucosa can cause inflammation of myenteric plexus and subsequently that myenteric ganglionitis induces structural changes in gastric myenteric ganglia. There is growing evidence that human enteric nervous system can be targeted by the immune response of the host in several chronic inflammatory digestive disorders [21] [22] [23] . Moreover, previous reports suggested that impaired neural activity might have a potential role in stomach cancer development [24] [25] [26] .
Inflammation of Myenteric Plexus.
The presence of periganglionic inflammation, referred to as enteric ganglionitis, or plexitis, reflects imbalanced neuroimmune interactions occurring within the enteric neural microenvironment [27] . In our study, the number of periganglionic inflammatory cells was significantly increased in H. pylori-positive patients compared to controls. Although this is an unusual finding, as gastritis is basically a mucosal disease, myenteric plexitis might be hypothesized as responsible for gastric dysmotility frequently described in H. pylori-induced gastritis [4, 28] . The immunohistochemical analysis of the myenteric infiltrate revealed a significant component of CD3-immunoreactive T cells, in agreement with previous reports showing that in inflammatory neuropathies there is a predominant T cytotoxic activity directed against proteins expressed by enteric neurons [18, 22] . However, in the present study, CD20-positive lymphocytes and plasma cells were exclusively identified in patients with H. pylori infection, indicating that, in addition to T lymphocyte activation, humoral immune response also participates in myenteric inflammation. Our results confirm previous data documenting the contribution of mature B cells to the immune response by synthesizing and releasing immunoglobulins directed against antigens expressed by myenteric neurons [27] .
Myenteric Neuronal Degeneration and Apoptosis.
Neuronal and nerve process degeneration in myenteric plexus has been documented in patients suffering from inflammatory bowel diseases. In our study, signs of neurodegeneration, such as vacuolated or condensed cytoplasm and pyknotic nuclei, were more frequently observed in infected patients, suggesting that H. pylori can induce neuronal damage in the myenteric plexus tissue. In addition, we observed a significant relationship between injury of myenteric neurons and periganglionic lymphoplasmacytic inflammatory infiltrate (p = 0:0024). However, a weaker correlation (p = 0:0306) with T cell myenteric infiltrate was also noted, indicating that degenerative changes of gastric neurons occur as a result of a concerted action of all the inflammatory cell types (including T cells, B cells, and plasma cells) recruited within myenteric plexus. Our observations confirm previous data showing the degeneration of myenteric neurons under enteric ganglionitis throughout the alimentary tract [29] . Bcl-2 antiapoptotic protein plays an essential role in protecting neurons from programmed cell death, promoting their survival in different types of neural injury. Our results showed, for the first time, that H. pylori is able to induce programmed cell death in myenteric gastric neurons. This finding is consistent with previous studies showing that H. pylori is able to promote apoptosis in infected gastric epithelial cells [30, 31] and leads to the conclusion that the bacteria might induce apoptosis dysregulation in different cell types of gastric wall. Moreover, we found a significant association between loss of bcl-2 expression in gastric neurons and periganglionic CD3-positive T lymphocytic infiltrate. This finding suggests that T cell-mediated immune response can trigger activation of the apoptotic pathways in myenteric neurons. This hypothesis is supported by similar observations in the central nervous system [32] .
Neuronal and Glial Cell Hyperplasia.
A very interesting and surprising finding in this study was the neuronal cell hyperplasia observed in patients with H. pylori infection. Variation in the number of enteric neurons was previously described by some authors in inflammatory bowel diseases [33, 34] , while other studies failed to demonstrate any significant difference regarding neuron counting [19] . In the context of increased neuronal damage and apoptosis noted in infected patients, we are presently unable to explain the neuronal hyperplasia. In our opinion, the most reasonable hypothesis is that the increased number of gastric myenteric neurons represents a compensatory response to neuronal injury induced by ganglionic inflammation. However, although several possible pathways have been suggested [35] [36] [37] [38] , the mechanism underlying neuronal hyperplasia remains unknown. Further studies are necessary to elucidate if increased number of neuronal bodies is the result of proliferation and differentiation of neural crest-derived progenitors present in the gut or represents the consequence of transdifferentiation of mature enteric glial cells.
A significant increase in glial compartment was also detected by our analysis. Besides their traditional trophic and supportive functions for enteric neurons, glial cells are involved in enteric neurotransmission [21, 39] , neurogenesis [40] , and immune signaling [41, 42] ; therefore, their number could be influenced by the immune response in the gastrointestinal tract. In our study, the level of neuronal hyperplasia was twice as great as glial cell hyperplasia degree, suggesting that neurons rather than glial cells were more affected in the H. pylori-positive patients herein examined. However, it is not clear if the proliferation of gastric glial cells precedes or follows neuronal hyperplasia.
Our study has some limitations. First, the number of patients was relatively small. Our results need to be verified in larger studies to obtain a more reliable estimation. Second, since this was a retrospective study, there may be a bias in the selection of patients, which we tried to minimize by examining 40 consecutive cases. Moreover, some risk factors that might have an impact on gastric myenteric plexus morphology, such as smoking and alcohol consumption, were not considered in this study, which may affect the reliability of the results. In addition, lack of prior research studies on the topic limits the robustness of our results. Future research should address these limitations to validate present findings.
In summary, the data presented provide what we believe is the first evidence that the gastric nervous system can be morphologically altered by host immune response in the setting of H. pylori infection. These findings advance our knowledge of the complex mechanisms of interaction between pathogen and host and will hopefully pave the road to a more vast scientific investigation in the area of gastric neural plasticity. Given the recognition of H. pylori as the major cause of gastric cancer, strategies aiming for a better understanding of the mechanisms of carcinogenesis are mandatory for identifying new potential therapeutic targets; therefore, further studies to clarify the involvement of the gastric enteric nervous system in gastric cancer development are needed.
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